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Khstracu ^e present a new fibre structure for use in sidetap filters for teiecommmications applications, with a 
iymm£tric wavelength response, a FWHM bandwidth of onfy 5 nmc^ 



Introduction r 

A sidetap grating is a Bragg grating written insiHTin optical 
fibre with fringe planes that arc blazed witfi respect to the 
optical axis [1). A sidetap grating acts as a wavelength- 
dependent reflector, as does any Bragg grating. However, 
the blaze angle of the sidetap grating causes the reflected 
light to leave the fibre core at an angle that depends on a 
resonance condition between the wavel«igth, blaze angle 
and period of the fringes. Hence a sidetap grating acts as a 
wavelength-dependent loss filter with applications ih gain- 
flattening of optical amplifiers, pump blocicing filters, 
channel blocking filters, wavelength monitoring etc. 
Recently (2] we presented a new design for an opdcal fibre 
sidetap filter using fibre and grating designs yielding a very 
narrow filter response (a measur^ FWHM bandwidth of 4 
nm). The narrow bandwidth was obtained by tailoring die 
'photoisensitivity profile* to provide a fibre with a non- 
photosensitive fibre core and a photosensitive cladding. 
Low backrcflection, was maintained by the appropriate 
choice of blaze angle, while low splice loss and insensitivity 
to bends was obtained by using non-photosensitive index 
dopants to provide a refractive index profile, and core- 
cladding index difference, AN, compatible with standard 
fibre. 

Figure 1 : Conq>arison of experimental results for two 
different filter designs^ A and B. Both designs have a step 
refractive index profile, with a V number dose to 2. Design 
A is for AN a 0.003 and a photosemitive core, while design 
B is for AN a 0.0045 and a pbotosendtive cladding. 
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Measured loss spectra for two different .fibre designs are 
compared in figure 1. For both designs the refractive Index 
profile is step-index, but the AN values are not the same. 
Design A uses a photosensitive core witii a non- 
photosensitive cladding, and a AN of 0.003. This npn* 
standard AN was used in order to reduce the . filter 
bandwidth. Design B uses a non-photosensitive core and a 
photosensitive cladding, with a AN of 0.0045: to obtain 
such a narrow wavelength response with normally 
photosensitive fibre the AN would have to be below 0.001. 
However, ideally we would wish the wayelcngtii response to 
be symmciric about the main peak: for botji designs the 



wavelength response is asymmetric about the (main) peak, 
although die asymmetry is much stronger for design B. A 
feanire of design B is the presence of a strong resonance at 
wavelengths above the main peak. The aim of our recent 
research in this area has been to design filters with a 
symmetric response and without this resonance at long 
wavelengths. , 

Effect of the core-cladding boundary 
In our earlier woik we used a simple theoretical model 
based on antenna theory [3] in the Fraunhofer hmit, with 
modifications to take into account the longitudinal variation 
of the field mcidtnt on the grating, due to the light that has 
already been scattered [4]. In this model the effect of the 
core^ladding boundary on the properties of the filter was 
ignored, in order to obtain a first approximation to the filter 
performance. From a coupled-mode theory perspective, this , 
approximation is equivalent to taking into account coupling 
into radiation modes, but neglecting coupling into leaky 
modes [3]. Our earlier model did not predict the strong 
secondary resonance shown in figure 1, and hence we 
attributed it to a leai^ mode resonance. Subsequently we 
have extended our modd to take into account the effea of 
the core^laddlng boundary, adapting the antenna theory of 
Ref. 3 to die case of a grating written Inside an arbitrary 
region of the fibre cross-section. 

Figure 2 : Con^arison of theoretical results for design B. 
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The predictions of the two models are compared in figure 2, 
for design fi. Comparison with figure 1 shows that die 
predictions of the new model are in good agreement with 
tile measurements for both the short wavelength shoulder 
and the sharp resonance at long wavelengths. The new 
model was then used to investigate the effects of further 
changes to die fibre and grating designs, in order firsdy to 
suppress die leaky mode resonance and secondly to make 
the filter response synninetric about the pic^ 

Suppressing the leaky mode resonance 

Numerical simulations have been used to investigate die 

effect of the fibre V nun^er on the wavelength response. 



1-216 



26-30 September 1999, Nice, France 



and it was found that for all photosensitivity profiles 
investigated, the leaky mode resonance could be suppressed 
by reducing the fibre V number to 1 .7. 

Design modifications for a symmetric response 
The symmetric response was achieved by defining a 
segmented' .photosensitivity profile, as shown in figure 3. 
This new photosensitivity profile has a uniformly 
photosensitive cladding, out to a normalised radius Rmax, 
and a partially photosensitive core, down to a normalised 
radius Rmin, and with a relative photosensitivity of p, 
compared to the cladding. As in design B, the index dopants 
are assumed to provide a refractive index profile compatible 
with standard fibre. 



Fig;ure 3: a segmented photosensititivity profile 
photosensitivity 
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Numerical simulations were carried out to find the optimum 
values of the parameters Rmin, Rmax and p. For every 
design evaluated, the blaze angle was adjusted to 
correspond with the first zero in the badcreflection [5]. 

Figure 4 : Filter loss spectra as a function of the inner 
radius, Rmin, of the segmented photosensitivity profile, for 
the same photosensitivity in the core and cladding, and a 
step refractive index profUe with V s L7 and AN s 0.0045. 
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Figure 5 : Filter loss spectra as a function of the relative 
photosensitivity, of t|he inner annulus of the segmented 
photosensitivity profile, for Riiun=0.4, Rmax=s3.5 and a 
step refractive index profile with V=1.7 and AN- 0.0045. 
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Figure 4 shows the effect of varying Rmin, for Rmax of 3.5, 
V=:1.7 in order to keep the leaky niode resonance 
suppressed^ and the same photosensitivity in the fibre core 
Mid cladding (p=l). The results show that decreasing Rmin 
from 1 (as also in design B, figures I and 2) has the effect of 
removing the short wavelength shoulder aiid hence making 
the spectra more symmetric, but also increasing the fiiter 



bandwidth. The optimum value of Rmin is around 0.4: 
below this value the spectra are much wider, and above this 
value the shoulders appear. However, compared to design B 
(figures 1 and 2) the FWHM bandwidth has increased to 6.5 
nm. The next stage in the design was to investigate the 
effect of varying the relative photosensitivity inside, the fibre 
core (the parameter p in figure 3). The restUts ate plotted in 
figure 5» and show that the effect of reducing the relative 
photosensitivity inside the fibre core is to reduce the filler 
bandwidth but at low p, the short wavelength shoulder and 
asymmetry in the main peak reappear. The optimum valtie 
of p is around 0.6 for which the FWHM bandwidth is 5.5 
nm: below this valiie of p the filter loses its symmetry and 
above this value of p the main peak is broader. 

Results 

With refer^ce to figure 3, a fibre preform was made using a 
> non-photosensitive core dopant for normalised radius less 
than 0.4, a combination of a non-photosensitive core dopant 
and germania for normalised radius in the range [0.4,1], and 
a photosensitive cladding doped with germania out to a 
normalised radius of 3.5, to which boron was added in order 
to reduce the cladding index to match the deposition tube. 
The relative molecular concentrations of germania for the 
regions [0.4, 1] and [1, 3 J] w^e in the ratio 0.6:1 in order 
to obtain the required relative photosensitivity. The preform 
was drawn into a fibre and hydrogenated. Fibre gratings 
were written using a 244 nm UV laser and a phase mask [6]. 

Figure 6 : Tlie transmission loss spectra of the new 
segmented photosensitive profile fibre. 

Figure 6 shows the measured loss spectra for the new 
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structure: the measured bandwidth is only 5 nm. Compared 
to design B (figures 1 and 2), the short wavelength shoulder 
and the leaky mode resonance have been very well 
suppressed. The smooth, narrow symmetric transmission 
loss spectrum is ideally suited for optical amplifier gain 
flattening applications. 

Conclusions 

We have demonstrated both theoretically arid 
experimentally, a new design of photosensitive fibre that is 
suited for narrow band symmetric filter applications such as 
gain flattening. This design shows that the leaky mode 
resonances may be suppressed. These fibres have reasonably 
low bend loss sensitivity, and are well matched with 
standard telecommunications fibres. 
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N^ow-Band Rejection Filters with Negligible 
iBackreflection Using Tilted Photoinduced 
Gratings in Single-Mode Fibers 
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Ai^5/rair/>-Suppresston of the forward propagating LPoi core 
mode of >17 dB with <-30-dB backreflection over a narrow 
wavelength band is demonstrated utilizing a tilted photoinduced 
Bragg grating In a deep deprlessed inner cladding single^mode 
liber (SMF). Theoreticdl and experimental results detailing the 
tilted grating filter performance in matched cladding, depressed 
Inner cladding, and photosensitive cladding SMF^s are presented. 

//K/exTemis— Bragg scittering, gratings, optical fiber filters, 
optical fiber cladding, wavelehgth-divbion multiplexing. 



L iNTRObUCTION 

A PASSIVE component in a single«mode fiber (SMF) that 
suppresses the forward propagating LPoi core mode over 
a narrow wavelength band with negfigible backreflection is 
a critical filtering element for lightwave systems in which 
no backreflected signal can be tolerated. Most, previous ef- 
forts toward obtaining nanrow-band rejection filters utilizing 
fiber gratings have obtained the loss via coupling to the 
counieqjropagating LPiji core mode, giving rise to a large 
backreflected signal; Other filtering approaches can be broken 
into l\yo categories: coupling to the LP li mode in a two mode 
fiber [IH4] and coupling to cladding or radiation modes in 
a SMF \5H\\l 

Recently, Strasser et at. [3 1 demonstrated suppression of 
the forward propagating LPoi core mode over a narrow 
wavelength band in a two mode fiber utilizing a fiber grating. 
In that work; the backreflected signal at the peak rejection 
wavelength was ~ -15 dB. which is larger than the desired 
isolation for components in many lightwave communication 
systems.. 

In this letter, we demonstrate gratings in depressed inner 
cladding (DIC) and photosensitive matched inner cladding 
(PMIC) SMF's that allow for narrow-band rejection filtering in 
transmission with <-30 dB backreflection at the peak rejec- 
tion wavelength. The primary advantage of these fiber designs 
over matched clad (MC) fiber designs for this filter type (tilled 
gratings in SMF's) is that low insertion losses are obtained in 
a narrow wavelength band to the short wavelength side of 
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Fig. I. Radial distribution of retractive index for depressed and phocosensi- 
cive clad libers. The !ihaded region corre-sponds to the photosensitive region 
of the riber. . 



the rejection band. We utilize this property of these filters in 
demonstrating a low-reflection channel-block bandpass filter. 

II. Fiber and Grating Design 

Su-ong grating-induced coupling between the core and coun- 
terpropagating cladding modes has been previously observed 
in a shallow depressed inner clad fiber (AT&T Acculciher) by 
He^ylett etaL (12]. This coupling is enabled through a physical 
tilt of the grating fringes or odier azimuthally asymmetric 
grating strength across the core, which has a component of 
the azimuthal symmetry proportional to cos tp. This coupling 
can be quantified in the case of a tilted grating through die 
use of a relative coupling coefficient (RCC) (13) in (I), at the 
bottom of the next page, where 9 is the in-fiber grating till 
angle. A is the grating period. R^r,^^ is the radius of maximum 
extent of the grating, and ^oi(r,i^) and 0£,m(r.v?) are the 
normalized LP transverse field distributions [14]. 

For the DIC fiber geometry (as detailed in Fig. I but wi;h 
^«rAt = A), a wide, deep depressed inner cladding gives 
strong coupling to the LP n hybrid mode of Hewlett etal, [12] 
(strong LPoi ~ LPim coupling). By plotting the maximum 
value of RCCi^ (I < m < 30) versus drt^ and W 
for a range of tilt angles (e.g., 9. = r, 3^, 5"^), limits on 
and for obtaining strong coupling can be deter- 
mined. For example, at an operating wavelength of 1550 nni 
with fiber parameters consistent with standard matched clad 
(MC) telecommunication fiber, strong coupling is obtained 
for W > 0.6 A and An, >0;0()3, The tilt angle for optimum 
suppression of LPoi ^ LPoi coupling is then determined by 
minimizing RCCdi with respect to 9. At this angle, power is 
efficiently poupled from the forward propagating LPoi mode 
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to the counierpropagaiing LPn hybrid mode. Since the LPn 
hybrid mode is lossy, this power is lost from the fiber^core 
over distance, giving narrow-band filtering with negligible 
backreflection. 

In the PMIC fiber geometry (Fig. 1 with riui = no and 7 = 
(cladding grating strength)/(core grating strength) 7^ 0), the 
mechanism for strong-LPoi— LP I m coupling is the extension- 
of the grating into the cladding region, giving increased 
overlap of certain LPim modes with the LPoi core mode. By 
analyzing RCCim versus R^^^^ and 7 for a range of 0 values, 
the process proceeds as in the DIG case. From this analysis, 
strong coupling is obtained for Rgrat > 15 A and 7 > 0.5, and 
the lossy nature of the LPi^ cladding modes once again gives 
negligible backreflection for the appropriate tilt angle. 

III. Results 

To demonstrate the properties of appropriately designed 
tilted gratings written in wide depressed inner clad (DIG) and 
photosensitive matched inner clad (PMIC) fibers, gratings with 
a center wavelength of ~1550 nm were written as a function 
of lilt angle in three SMF's: I) MC (.4 - 4.15 /xni, mode field 
diameter (MFD) -^10.5 /tm, An+ -0.0046); 2) DIG (A = 
5.86 /im. W = 3.85 /xm, ^n^ = 0.0038. dn. = 0.0064, 
MFD = 9.5 /xm); and 3) PMIC (A = 4.7 /xm, An+ = 0.0052, 
^grai = 9.4 /xm, 7 '--I.O, MFD = 10. 1 /xm). The gratings 
written were 15 mm in length, unapodized. and the spectra 
were measured after recoaiing (n,,xt ~ "2). The gratings were 
written after hydrogen loading using a sidewriting phase mask 
exposure technique with an cxcimer laser at 248 nm with 
a total dose sufficient to give approximately -20 dB losses 
in transmission. A variable in-fiber fringe tilt angle (9) was 
achieved by orienting the phase mask rulings at an angle of 
fi' = 90^ +6^/712 from the .fiber axis. Note that the 1/712 factor 
is included as a first-order correction for the leasing effect of 
the fiber. 

Transmission spectra for gratings wrinen in these three 
fibers with B = 0** and 3.6** are plotted in Fig. 2. The 
grating spectra for all three fiber types with 6^ = 0*^ exhibit 
similar LPoi -LPoi coupling (fundamental) rejection notches, 
with corresponding strong backreflecied signals at the peak 
rejection wavelengths. The fundamental rejection notches for 
the = 0** and 3.6'' MC fiber spectra are also similar in 
shape, with the notch for the 3.6'' spectrum shifted to longer 
wavelengths due to the tilt-induced effective period increase. 
However, strong overiapping loss peaks due to LPqi - LPom 
and LPoi - LPim cladding mode coupling are present in the 
3.6^ MC spectrum, with the peak cladding mode loss occurring 
near 1552 nm. While this loss peak could conceivably be used 
in a nonreflecting filter application, it would not be useful 
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Fig. 2. Transmission spectra versus lilt angle for MC. OIC, and PMIG libers. 
Individual spectra are displaced from nearest neighbors by ±20 dB for ease 
in visualization. 



in multigrating cascades for channel-block filter applications, 
because there is no low-loss region to the shoner wavelength 
side of the loss peak. 

For the DIC and PMIC fibers, the = 3.6° specu-a have 
characteristics that are desirable for nonreflecting narrow- 
band rejection filters. In the 3.6*^ spectra, the undesirable loss 
notches due to LPoi - L.I^ui coupling are shifted to higher 
wavelengths than in the 0** spectra (1553.2 and 1554.7 nm, 
respectively), and are substantially weakened. Additionally, 
the desirable strong loss notches due to LPot -LPim coupling 
are visible centered at 1551.5 nm for the DIC fiber and 1553.1 
nm for the PMIC fiber. Finally, a relatively low-loss region 
exists to the short wavelength side of these notches for the DIC 
and PMIC 3.6*" spectra, in contrast to the 3.6* MC spectrutti. 
The width of this low-loss region is approximately 2 nm for 
the DIC grating and approximately I nm for the PMIC grating. 
These low loss bands occur due to the LPoi - LPor»i coupling 
suppression qualities of QIC and PMIC fibers (15H^61- 

To illustrate the reflection and u^nsmission properties of 
a Die filter design with a suppressed fundamental notch. 
Fig. 3 is a plot of the u-ansmission and reflection spectra for a 
grating with ^ = 4*^ written in the DIC fiber. On this plot, the 
transmission minimum due to LPoi " LPoi coupling at A 
1554 nm is not distinguishable. The ~2-nm passband between 
the higher order loss notches (A < 1550.25 nm) and the peak 
LPoi - ^Pim loss notch (A = 1552.25 nm) allows for the 
application of this device in some bandpass filter applications. 
The reflection spectrum in Fig. 3 demonstrates that reflection 
due to LPoi - LPoi coupling (A 1554 nm) is < -20 dB. 
However, reflection in the rejection band is < -30 dB. 

From the results of Figs, 2 and 3, it can be anticipated 
that the PMIC fiber desigti also reaches an angle where the 
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fundamental is strongly suppressed. This suppression occurs 
for 9 y.T. At this operating point, strong rejection perfor- 
mance can also be achieved, but with a smaller passband to 
shorter wavelengths than for the DIG fiber, as discussed above. 
Finally, the width of the rejection notch in Figs. 2 and 3 may 
be increased by chirping the grating, and the performance of 
the Die design can be enhanced by adding photosensitivity to 
the cladding regions. 

Narrow-band filters of this type have numerous applications 
in lightwave systems such as bandpass filtering; test signal 
dropping, and gain flattening. As an example, a channel-block 
bandpass filter for a lOO-G Hz channel spacing WDM system 
can be generated by cascading two filters with spectra similar 
to that of Fig. 3, but different peak rejection wavelengths. 
Fig. 4 shows the transmission spectrum for the two grating 



cascade, which exhibits the desired strong rejection for chan- 
nels at 1552 and — 1553.6 nni and small insertion loss for 
the channel at ~ 1552.8 nm. 

V . IV. CONCl^USION 

A novel narrow-band suppression filter with < -30 dB 
backreflection and > I7-dB suppression in transmission in an 
SMF has been demonstrated. Additionally, a channelr block 
bandlpass filter generated using two cascaded gratings has been 
demonstrated. 
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